Supplementary Materials

Annexure I
Estimating cooperativity from the binding isotherm
The scheme below shows the equilibrium of two repressor dimers (P) binding to a DNA having two binding sites (D) e.g. O R 1-O R 2
The K 1 , K 2 are the microscopic binding constant for the binding to first and the second sites respectively and K 1 ' , K 2 ' are the microscopic binding constants for the binding of the second repressor dimers, respectively.
The degree of cooperativity () is reflected by the ratio of the two microscopic binding constants: Where P f is the free repressor dimer concentration. In the situations studied here, the dissociation constant is significantly above the DNA concentration used and the total P is a good approximation for P f . To reduce the complexity, we have also neglected the monomer-dimer equilibrium. Most of the repressor concentrations used here are near or above the dimer-monomer dissociation constant. Hence the equations derived here may be a good approximation.
Observed anisotropy (A obs ) is the sum of the anisotropies of free DNA (A 0 ), singly ligated DNA (A 1 ) and the double ligated DNA (A 2 ).
If we make a reasonable assumption that A1 = ½(A 0 + A 2 ), the equation reduces to
To fit the binding isotherms to this equation in order to extract , we first determined the dissociation constant of a single operator site, O R 2, under the same conditions using fluorescence anisotropy ( Figure S1 ). Fitting to a single site binding equation yields a dissociations constant of 1.5 + 0.68 X 10 -7 M. The inverse of this value was fixed for K 2 . The other four parameters were floated to find the best fit and obtain the best estimate for the parameter, .
Annexure II
Thermodynamics of Loop Formation
The establishment of protein-protein contacts on DNA is driven by protein-protein interactions energy as in the free-state. However, there are two fundamental differences between the DNA bound state and the free-state. First, the association of two protein molecules in the unliganded-state is a bimolecular process and would lead to significant loss of rotational and translational entropy. Since the establishment of protein-protein contacts while bound to DNA is an intra-molecular process, no corresponding loss of translational and rotational entropy has to be sacrificed in this reaction. The rotational and translational entropy has already been sacrificed in the step where the protein binds to DNA. In many ways, there is a formal similarity of this process with the bi-molecular enzyme reactions as described by Jencks and co-workers(1). Secondly, unlike that in the free state, the potential of interaction is tempered by the distance and orientation of the two interacting patches due to rotational and translational restrictions imposed by DNA binding and stiffness of DNA and the proteins. When the two interacting surfaces on the protein molecules are oriented unfavorably, the protein, DNA or both have to be distorted in order to juxtapose the interacting surfaces. Clearly, these two factors have to be considered while working out the energetics of loop formation.
It is difficult to measure or estimate the free energy of interaction between two protein molecules bound to the same piece of DNA (in cis). One way to estimate this interaction energy is to relate the DNA bound protein-protein interaction energy to interaction energy of the two protein molecules in solution. This can be achieved by writing a thermodynamic cycle similar to many found in standard physical chemistry textbooks ( Figure S2 ). The loop formation energy, G loop can be written in terms of three free energy terms, G int , G dis and G prox (S11). In principle, all these energies are measurable.
where G int is the interaction energy of two isolated protein molecules in solution while remaining bound to isolated binding sites, G dis is the free-energy cost of bringing the undistorted complex to the distorted complex present in the loop, and G prox is the free energy cost due to loss of translational and rotational entropy in a prior step when two isolated molecules interact in solution. Values of the free energy terms should be used with proper signs, for example, the favorable processes such as G int should be negative and so on. The G int value is only dependent on the interaction surfaces of the two proteins and not dependent on the orientations of the two protein molecules or the distance between them. G prox should also be relative insensitive to orientation of the proteins. On the other hand, G dis is dependent on the orientation and distance of the protein molecules. At certain orientations, for example, when the two proteins are bound to the opposite faces of the DNA, G dis becomes so large that (G int + G prox + G dis ) > 0 and no loop formation takes place. Some estimates of the different energies have been made in the -repressor regulatory system. Quantitative footprinting experiments suggest that G loop is approximately 2-3 Kcal/mole (2) . G int of approximately 7 Kcal/mole has been estimated from fluorescence anisotropy experiments(3). G prox cannot be estimated directly but it can be assumed to be approximately 2 Kcal/mole(4). This suggests that G dis should be around 6-7 Kcal/mole, which is surprisingly close to estimates of DNA distortion derived from known mechanical properties of DNA(5).
Supplementary Materials and Methods
Isothermal Titration Calorimetry
All experiments were done in a VPITC instrument from Microcal, Inc. according to Merabet and Ackers (16). The titrations were done in 10 mM Tris-HCl buffer, pH 8.0 containing 200 mM KCl and 0.1 mM EDTA. The concentration of CI (in terms of monomer) was 2.0 M. The oligonucleotides were taken in a 300 l syringe at a concentration of 50 M.
Modeling
Double-stranded B-DNA (chains A and C) was generated with the wild type sequence of O R 1-O R 2 using the Biopolymer module of InsightII. One of the DNA chains (chain C) of 3bdn (residues 2-18) was superimposed once on chain A of the B-DNA generated at positions 1-17 (O R 1 site) and chain C at 24-40 (O R 2 site), using the module SUPERPOSE of CCP4 software.
Fluorescence Spectroscopy
All fluorescence studies were done in either a PTI Quantimaster-6 T-geometry or Hitachi F3010 spectrofluorometer at 25 o C. The experiments were carried out either in 1.0 cm or in a 0.5 cm pathlength quartz cuvette. For anisotropy experiments, the excitation wavelength was at 480 nm and emission was at 530 nm, the excitation and emission band passes were 5 nm each. Samples were taken in 10 mM Tris-HCl buffer, pH 7.0 (or at pH 8.0) containing 200 mM KCl, 0.1 mM EDTA and 1 mg/ml BSA. The binding isotherms obtained were fitted to a two site binding equation using Kyplot (Koichi Yoshioka, 1997-1999, version 2.0, beta 4). All fluorescence anisotropy titrations were done in a PTI Quantimaster-6 T-geometry spectrofluorometer at 25 o C. The titrations were carried out in 10 mM Tris-HCl buffer, pH 7.0 (or at pH 8.0) containing 200 mM KCl, 0.1 mM EDTA and 1 mg/ml BSA.
FRET
For fluorescence resonance energy transfer (FRET) experiments, Energy transfer efficiency, E, was calculated from excitation spectra using the following equation (13)
Where F (D+A) and F A are the fluorescence intensity of the acceptor in presence and absence of the donor, respectively.C D /C A and  D / A are the concentrations and the molar extinction coefficients of the donor and acceptor fluorophores, respectively. Distance estimates were obtained as described previously (14). (See supplementary section for more details on FRET). The sample was prepared by adding each ingredient after weighing it in a microbalance to reduce error. Unlabeled repressor and acrylodan-labeled repressor at 1 µM concentration, and labeled and unlabeled O R 1 oligonucleotide duplex were prepared separately. The labeled or unlabeled oligonucleotide and CI, either labeled or unlabeled, were mixed in the ratio given in the Figure legend. Spectrum of labeled CI: unlabeled oligonucleotide duplex complex was subtracted from spectrum of labeled CI: labeled oligonucleotide duplex complex, whereas spectrum of the unlabeled CI: unlabeled oligonucleotide duplex complex was subtracted from spectrum of unlabeled repressor: labeled oligonucleotide duplex
Circular Dichroism
The CD spectra of oligonucleotides and the oligonucleotide complexes were taken at oligonucleotide concentrations of 0.25 M and protein concentrations of 1.0 M, respectively. 2x stock solutions of the protein and the oligonucleotides were mixed in equal volumes by weighing in a Sartorius microbalance to minimize pipetting errors. The buffer-only spectrum was subtracted from the oligonucleotide spectrum, and the proteinonly spectrum was subtracted from the complex spectra.
EMSA
EMSA experiments were performed using PCR generated probe containing Approximately 0.1 nM DNAs were titrated with increasing CI concentrations per reaction. The protein-DNA equilibrium mixtures were incubated at room temperature for 15 min and subsequently loaded onto a 6% native polyacrylamide gel containing 8% glycerol, which was pre-electrophoresed for 30 minutes. The gels were run at constant voltage of 150 V for 90 min. Autoradiograms of dried gels were analyzed by phosphoimager.
In vitro transcription
In vitro transcription assay was performed as described (6) . Briefly, 4 nM DNA of supercoiled templates was titrated with increasing CI concentration. The reactions containing buffer, RNA polymerase, DNA and CI were incubated at 37 o C for 5 min in a heating block to form open complexes. To start the transcription initiation 5.0 μl NTPs (0.1 mM CTP, 0.1 mM GTP, 0.01 mM UTP and 5 μCi α 32 P UTP) was added and incubation was continued at 37 o C for 10 min for the elongation process. The reactions were stopped by adding 50 μl stop solution (90% formaldehyde, 0.1 % bromophenol blue, 0.1% xylene and 10 mM EDTA). The reactions were heated to 95 o C before being loaded onto an 8% sequencing gel and electrophoresed at constant power of 65 W in 1X TBE buffer. The gel was transferred to 3 mm chromatography paper (Whatman) and covered with Saran wrap and dried at 80 o C for 1-2 hr. The dried gel was placed in a cassette with intensifying screens and exposed to Kodax X-Omat AR film.. RNAI transcripts (106-108 nucleotides) were used as an internal control to quantify the relative amount of P RM transcripts. The gels were scanned using the ImageQuantNT program (Molecular Dynamics) and the ratio of the P RM transcripts area to that of RNAI was calculate to determine the effect of CI on the transcript of interest. . Thermodynamic cycle for loop formation by two dimeric protein molecules. The longer piece of DNA shown contains two specific binding sites separated by some DNA base pairs. G hydro stands for hypothetical hydrolysis energy of two phosphodiester bonds so that the two specific binding sites can be isolated. G b stands for binding energy of the dimer to its specific binding site, which for convenience has been taken as identical. G int is the energy of interaction of two dimers while bound to isolated target site; G dis is the DNA and protein distortion energy and G prox is the entropic component due to proximal binding of the two dimers on the same piece of DNA. ) and two primers (5'GCTCATACGTTAAATCTATC3' and 5'CCTCCTTAGTACATGCAACC3'). PCR products were 105 bp long and contained whole right operator region of lambda. In O R 3 region of all templates, two bases CC were changed to AT to inactivate O R 3. Figure S4 
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